Angiogenesis is a crucial step in many pathologies, including tumor growth and metastasis. Here, we show that tilted peptides exert antiangiogenic activity. Tilted (or oblique-oriented) peptides are short peptides known to destabilize membranes and lipid cores and characterized by an asymmetric distribution of hydrophobic residues along the axis when helical. We have previously shown that 16-kDa fragments of the human prolactin͞growth hormone (PRL͞GH) family members are potent angiogenesis inhibitors. Here, we demonstrate that all these fragments possess a 14-aa sequence having the characteristics of a tilted peptide. The tilted peptides of human prolactin and human growth hormone induce endothelial cell apoptosis, inhibit endothelial cell proliferation, and inhibit capillary formation both in vitro and in vivo. These antiangiogenic effects are abolished when the peptides' hydrophobicity gradient is altered by mutation. We further demonstrate that the well known tilted peptides of simian immunodeficiency virus gp32 and Alzheimer's ␤-amyloid peptide are also angiogenesis inhibitors. Taken together, these results point to a potential new role for tilted peptides in regulating angiogenesis.
Angiogenesis is a crucial step in many pathologies, including tumor growth and metastasis. Here, we show that tilted peptides exert antiangiogenic activity. Tilted (or oblique-oriented) peptides are short peptides known to destabilize membranes and lipid cores and characterized by an asymmetric distribution of hydrophobic residues along the axis when helical. We have previously shown that 16-kDa fragments of the human prolactin͞growth hormone (PRL͞GH) family members are potent angiogenesis inhibitors. Here, we demonstrate that all these fragments possess a 14-aa sequence having the characteristics of a tilted peptide. The tilted peptides of human prolactin and human growth hormone induce endothelial cell apoptosis, inhibit endothelial cell proliferation, and inhibit capillary formation both in vitro and in vivo. These antiangiogenic effects are abolished when the peptides' hydrophobicity gradient is altered by mutation. We further demonstrate that the well known tilted peptides of simian immunodeficiency virus gp32 and Alzheimer's ␤-amyloid peptide are also angiogenesis inhibitors. Taken together, these results point to a potential new role for tilted peptides in regulating angiogenesis. 16 -kDa N-terminal fragment of prolactin A ngiogenesis, the formation of new blood vessels from preexisting ones, is crucial in both health and disease. Its involvement in tumor growth and metastasis (1) makes it an important potential target for anticancer therapy. Many angiogenesis inhibitors are cryptic fragments of endogenous molecules displaying no angiogenesis-related activity [angiostatin, endostatin, platelet factor-4 (PF-4), tumstatin, and thrombospondin (2) ]. From some of these inhibitors, shorter peptides retaining antiangiogenic activity have been isolated, such as the PF-4 peptide 47-70 (3), endostatin fragments 2 and 5 (amino acids 60-70 and amino acids 171-183) (4) , and tumstatin peptides T3 and T7 (amino acids 69-88 and amino acids 74-98) (5) . This observation suggests that the antiangiogenic regions of these peptides may be exposed in the isolated fragments but buried in the full-length proteins.
The 16-kDa N-terminal fragment of prolactin (16K PRL) is antiangiogenic in vitro (6) (7) (8) (9) (10) (11) and in vivo. Generation of the 16K fragment from PRL has been attributed to cathepsin D (12) . Its ability to prevent angiogenesis in tumor and retinopathy mouse models has raised interest in its potential therapeutic use (13) (14) (15) . We have sought to identify in human 16K PRL (16K hPRL) a peptide that might be responsible for its antiangiogenic activity. Although the 16K fragments of the other three human PRL͞GH-family members are also potently antiangiogenic (16) , the sequence similarity of these fragments is low (Ϸ35% similarity between all mammalian PRL͞GH sequences). This consideration led us to seek a peculiar common structural feature rather than a similar sequence.
Tilted (or oblique-oriented) peptides are short helical peptides (11 to 20 aa long) characterized by a peculiar distribution of hydrophobic residues: they are amphipathic and their net hydrophobicity increases from one end of the helix to the other. A characteristic of tilted peptides family is that they do not share high similarity in the primary sequence. Molecular modeling therefore predicts that they will adopt a tilted position at a lipid͞water interface and that this orientation should disturb the parallelism of lipid acyl chains. Tilted peptides have been detected in various proteins with different functions. They were first identified in viral fusion proteins, protein signal sequences, neurotoxic proteins, and proteins involved in lipid metabolism (17) . Little is known of the roles played by tilted peptides, with the exception of viral peptides clearly involved in virus-induced fusion events (18) . A common feature of tilted peptides is their ability to induce liposome fusion in vitro (19) .
Here, we have identified, in all four 16K fragments, a domain showing the characteristic structural features of tilted peptides. We show that the 14-aa tilted peptide sequences of 16K hPRL and the 16-kDa fragment of the human growth hormone (16K hGH) are sufficient to exert the antiangiogenic activity of their parent molecules both in vitro and in vivo. We also show that two tilted peptides from proteins unrelated to angiogenesis have similar antiangiogenic properties. Our findings may have important implications for the study of antiangiogenic mechanisms.
All PRL͞GH-family members share a 3D fold characterized by a 4-helix bundle ( Fig. 1 B and C) (20) . The four ␣-helices wind around each other and are connected by loops in an up-updown-down topology. A long loop connects helices 1 and 2, and another connects helices 3 and 4. The tilted peptide is located in the N-terminal region of the second helix and is quite buried in the structure, being surrounded by the other three helices and the third loop.
The Tilted Peptide of hPRL Induces Liposome Fusion. We first synthesized the tilted peptide of hPRL (POPRL) and tested it for the ability to induce lipid fusion. R18-labeled (R18 is a fluorescent lipophilic probe) and R18-free liposomes [large unilamellar vesicles (LUVs)] were mixed, and the increase in fluorescence intensity because of dequenching of the probe was measured as a function of time. The tilted peptide of hPRL was found to induce lipid mixing in a dose-dependent fashion (Fig. 1D) .
Recombinant Protein Production. Being hydrophobic, tilted peptides are usually quite insoluble and hard to produce in vitro. We therefore produced them in fusion with the maltose-binding protein (MBP), known to improve the solubility of peptides fused to it. The MBP-fused tilted peptides of hPRL and hGH (respectively named poPRL and poGH) and their mutant counterparts (m-poPRL and m-poGH) were produced as soluble protein in Escherichia coli and purified by maltose affinity chromatography. As a control, we engineered an MBP protein (named MBP*) with the C terminus of the fusion proteins but devoid of the tilted peptide sequence.
The Tilted Peptides of hPRL and hGH Inhibit Proliferation of Endothelial Cells and Induce Their Apoptosis. 16K hPRL inhibits the proliferation of endothelial cells and induces their apoptosis (9, 11) . Likewise, both poPRL and poGH were found to inhibit adult bovine aortic endothelial (ABAE) cell proliferation in a concentration-dependent manner (Fig. 6 , which is published as supporting information on the PNAS web site).
Flow cytometry applied to bovine adrenal cortex capillary endothelial (BACE) cells treated with 10 nM 16K hPRL revealed, as expected, the presence of subdiploid cells (the sub-G 1 peak) typical of a population undergoing apoptosis. Respectively, 33% or 51% of the cells were found in the sub-G 1 phase after treatment with 40 nM poPRL or 320 nM poGH ( Fig. 2 A and B. Results for ABAE cells were similar (Fig. 2B) .
To confirm these observations, we tested the ability of poPRL and poGH to induce caspase-3 activation, one of the most common events in the apoptosis signaling pathway. Both showed a concentration-dependent activating effect (BACE cells; Fig.  2C ). At 40 nM and 320 nM, respectively, poPRL caused 30-fold and poGH caused 35-fold activation, similar to that obtained with 10 nM 16K hPRL. Results for ABAE cells were similar (data not shown). The MBP*, m-poPRL, and m-poGH controls failed to inhibit proliferation and to induce apoptosis, even at concentrations twice as high. The experiments were repeated three times with similar results.
Because the peptides were produced in E. coli, it was important to demonstrate that the activity of the preparations used was not caused by bacterial contaminants such as endotoxin. Levels ␣ , Angle of insertion (between the peptide helix axis and a vector perpendicular to the hydrophobic͞hydrophilic interface); ͗H͘, hydrophobicity calculated using the consensus scale of Eisenberg (39) .
of endotoxin in each peptide preparation are not related to the activity of tilted peptides. Furthermore, using the endotoxin blocker polymyxin-B, we showed that poPRL and poGH actions are independent of endotoxin contamination (Fig. 7 , which is published as supporting information on the PNAS web site).
The tilted Peptides of hPRL and hGH Inhibit Capillary Formation both
in Vitro and in Vivo. BACE cells plated between two collagen gels develop into a network of new capillary-like vessels and thus provide an in vitro model of capillary formation. Both poPRL and poGH prevented network formation, whereas m-poPRL and m-poGH had no effect ( Fig. 3 A and B) . The results were similar in three independent experiments.
We next studied the effects of these proteins on in vivo neovascularization in the early-stage chick chorioallantoic membrane (CAM) assay (Fig. 3 C and D) . Avascular areas appeared around methylcellulose disks containing 40 g of poPRL or poGH, whereas m-poPRL and m-poGH had no significant effect.
16K hPRL Mutated so as to Abolish the Hydrophobicity Gradient of Its
Tilted Peptide Shows Reduced Activity. The poPRL and poGH fusion proteins are thus potent angiogenesis inhibitors. To ascertain that the tilted peptide of 16K hPRL is responsible for its antiangiogenic action, we engineered into the 16K hPRL sequence the same mutations as in POPRLmut. Both the mutant and wild-type fragments were produced as MBP fusion proteins (respectively, MBP-16KhPRLmut and MBP-16KhPRL). In a caspase-3 assay performed on ABAE cells, caspase-3 activation was 40-50% lower in MBP-16KhPRLmut-treated than in MBP16KhPRL-treated cells (Fig. 4) . The results are representative of three similar experiments.
The Tilted Peptides of SIV (Simian Immunodeficiency Virus) gp32 and
Alzheimer's ␤-Amyloid Peptide Inhibit Angiogenesis. The tilted properties of peptides of SIV gp32 and Alzheimer's ␤-amyloid peptide have been extensively studied elsewhere. Their characteristics are shown in Table 1 . Although the parent molecules display no angiogenesis-related function, we produced these tilted peptides as MBP fusion proteins (poSIV and po␤amyl, respectively) and tested them for antiangiogenic activity.
Both poSIV and po␤amyl were found to exert concentrationdependent inhibition of endothelial cell proliferation (Fig. 5A ) and to activate caspase-3 in endothelial cells (Fig. 5B) . At the highest concentration tested, proliferation decreased by 30 to 35%, and caspase-3 activation reached 30-fold with poSIV and 40-fold with po␤amyl. The results are representative of three similar experiments. Both poSIV and po␤amyl prevented BACE cells plated between two collagen gels from forming a capillary network (Fig. 5 C and D) , and both were found to inhibit blood vessel formation significantly in a bioassay where CAM was treated for 48 h with 40 g of fusion proteins and MBP* (Fig.  5 E and F) . Invariably in these assays, MBP* had no effect.
Discussion
This study demonstrates the antiangiogenic activity of tilted peptides. Strikingly, not only do the tilted peptides of two known angiogenesis inhibitors (16K hPRL and 16K hGH) display such activity, but also so do those of two proteins unrelated to angiogenesis.
Antiangiogenic effects of 16K GH and 16K PRL have been demonstrated at three levels: inhibition of endothelial cell proliferation (7), apoptosis induction (9), and inhibition of capillary formation (16, 21) . Here, we show that the MBP-fused isolated tilted peptides of these molecules exert all these effects, unlike MBP-fused variants of these peptides, mutated so as to disrupt the hydrophobicity gradient.
The same mutational strategy has been used successfully to suppress the ability of tilted peptides to induce liposome fusion in vitro (19) and, when applied to the tilted peptides of the SIV and bovine leukemia virus (BLV) envelope glycoproteins, to reduce strongly or even abolish virus fusion processes (22, 23) . Here, likewise we show that an MBP-fused variant of 16K hPRL, characterized by mutations that respect the amino acid composition but disrupt the hydrophobicity gradient in the tilted peptide region, is less antiangiogenic than MBP-fused wild-type 16K hPRL. The antiangiogenic activity of 16K hPRL is thus at least partially due to its tilted peptide.
It remains necessary to explain why the tilted peptides of 16K fragments fail to confer antiangiogenic properties to the fulllength hormones. The 3D structure of hPRL has been solved recently, more precisely, by NMR spectroscopy (20) . In it ( Fig.  1 B and C) , the tilted peptide is located in the N-terminal region of the second helix and is quite buried by the three other helices and the third loop. Although the structure of 16K hPRL is not yet known, we might speculate that protease cleavage yields a fragment where the tilted peptide is more exposed. Piwnica et al. (12) have recently shown that cleavage of PRL by cathepsin D generates three fragments corresponding to amino acids 1-132, 1-147, and 1-150, characterized by molecular masses of 15, 16.5, and 17 kDa, respectively (12) . All of them show antiangiogenic activity. The identified cleavage sites are all located in the same region of the folded protein, very close to loop 3 and to the C-terminal end of the third helix hiding the tilted peptide. This location suggests that the tilted peptide could indeed be more exposed in the fragment than in the parent molecule.
Although poPRL and poGH are very antiangiogenic, they remain, respectively, 4 and 32 times less potent than 16K hPRL in vitro. An unknown in these experiments is how fusion with MBP [used as a molecular chaperone to promote peptide solubility and stability (24) ] might affect the presentation of the tilted peptide. MBP is a large protein with two distinct globular domains separated by a deep groove, and at its surface lie several clusters of hydrophobic residues (25) . Given the hydrophobicity profile of tilted peptides, MBP might interact with them in such a way as to hinder, to some extent, their activity.
Alternatively, the antiangiogenic action of 16K hPRL and 16K hGH might be mediated by several regions within these fragments. Isolated peptides corresponding to several distinct regions of either endostatin or tumstatin have indeed been shown to exert antiangiogenic effects (5, 26) . In keeping with this hypothesis, mutations that fully abolish the activity of poPRL reduce only by Ϸ50% the activity of MBP-16K hPRL.
We show here that the tilted peptides of SIV gp32 and Alzheimer's ␤-amyloid peptide are also antiangiogenic. When fused to MBP, both peptides inhibit endothelial cell proliferation, trigger endothelial cell apoptosis by activating caspase-3, and inhibit capillary formation in vitro and in vivo. Neither parent protein seems related to angiogenesis. SIV gp32 is an envelope glycoprotein playing an important role in viral fusion; Alzheimer's ␤-amyloid peptide 1-42 is involved in neurotoxicity. The ''oblique orientation'' properties of these tilted peptides have been described at length (19, 22) , but to our knowledge, data on relationships between endothelial cells and SIV gp32 or ␤-amyloid peptides are scant: ␤-amyloid peptides have been shown to cause endothelial cell death (27, 28) .
Much remains to be learned about the mechanisms through which tilted peptides inhibit angiogenesis. Do these mechanisms involve protein-membrane interactions as in the case of tilted peptides in viral fusion proteins? In virus fusion proteins, the tilted peptide is involved in virus entry into the host cell. Its predicted oblique insertion across the lipid-water interface is proposed to trigger local phospholipid disorganization and to generate a new lipid phase favoring fusion (17) . Modification of the insertion angle of the bovine leukemia virus (BLV) and SIV peptides is apparently sufficient to abolish fusion (22, 23) .
Another possibility is that antiangiogenic activity is initiated by a protein-protein interaction, as suggested for the ␤-amyloid peptide and Apo proteins. Lins et al. (29) suggest that specific and complementary interactions may exist between apolipoproteins and tilted peptides (29) , because the ␤-amyloid tilted peptide interacts with ApoE2 and ApoE3 but not with ApoA1, and the opposite is true of the SIV tilted peptide (30) . This observation suggests that here is evidence of some specificity in the action of tilted peptides. Our results on nonendothelial tumor cells (B16F10 and MDA-MB-231, data not shown) suggest that the antiangiogenic action of poPRL and poGH targets endothelial cells specifically, as previously shown for 16K hPRL (9) . Keeping in mind this specificity of action, we favor the view that an initial event in signaling should involve a protein-protein interaction rather than a protein-membrane interaction.
If a protein-protein interaction is necessary to confer activity to the tilted peptide, do the peptides act via receptors? Although Clapp et al. (31) identified a saturable high-affinity specific binding site for 16K PRL on endothelial cell membranes, and despite numerous efforts by different laboratories to find a receptor, until now no receptor has been found. Among angiogenesis inhibitors, 16K hPRL is not the only one whose specific receptor has not yet been identified. For example, the molecular mechanism underlying the antiangiogenic activity of endostatin, a much more extensively studied antiangiogenic factor, is not yet fully elucidated. Endostatin has been shown to bind to ␣5␤1 integrin (32), or with low affinity to glycopican-1 and glycopican-4, or to as yet unidentified receptors (33) . So far, none of these binding sites can fully explain the antiangiogenic action of endostatin.
In conclusion, our results open new avenues for investigating the antiangiogenic properties of the 16K fragments of PRL͞GH family members. They highlight a potential role of tilted peptides in angiogenesis. These results could have important implications for the development of novel therapies.
Materials and Methods
Molecular Modeling: Sequence Analysis. Tilted peptides were detected in the hPRL and hGH protein sequences by using different methods to analyze the distribution of the mean hydrophobicity along the sequence (34). These methods are described in Supporting Text, which is published as supporting information on the PNAS web site.
Membrane Insertion. We used IMPALA (Integral Membrane Protein and Lipid Association), developed in ref. 35 , to insert peptides 3D constructed as an ␣-helix into an implicit bilayer. IMPALA simulates the insertion of any molecule (protein, peptide, or drug) into a bilayer by adding energy restraint functions to the usual energy description of molecules (35, 36) .
The position of the structure with the lowest restraint values is considered the most stable in the bilayer. This method is discussed in Supporting Text.
Production of Recombinant Proteins. Recombinant 16K hPRL was produced in E. coli as described (10) . Oligonucleotides encoding tilted and mutated peptides were inserted into the pMalC2x plasmid at the 3Ј end of the MBP coding sequence (New England Biolabs, Hitchin, U.K.). A modified MBP, named MBP*, was engineered to have a C terminus identical to that of the fusion protein but no tilted peptide sequence. MBP fusion proteins were also made with the full-length 16K hPRL sequence, mutated or not in its tilted peptide region. All recombinant fusion proteins were produced in E. coli as soluble proteins. The cells were disrupted, and soluble proteins were recovered by centrifugation. The proteins were first purified by affinity chromatography on amylose resin (New England Biolabs) and then by anion exchange chromatography (Hitrap Q; Amersham Pharmacia Biotech, Arlington Heights, IL) according to the manufacturer's instructions. In each protein preparation, the endotoxin level was lowered to Ͻ175 endotoxin units͞mg (as quantified by the ''endotoxin testing service'' at Cambrex Biosciences, Verviers, Belgium) by means of an endotoxin affinity chromatography on EndoTrap resin (Profos, Regensburg, Germany).
Cell Cultures. BACE and ABAE cells were isolated as described (11, 37) . Endothelial Cell Proliferation Assay. ABAE cells were growtharrested by contact inhibition for 48 h and plated at a density of 2 ϫ 10 4 cells per well (in 24-well plates) in 0.5 ml of 1% FCS͞DMEM. They were treated with 1 ng͞ml basic FGF (bFGF) and the specified recombinant protein at the indicated dose for 16 h. Then, they were incubated with [methyl-3 H]-thymidine 5Ј triphosphate (Amersham Biosciences, Buckinghamshire, U.K.), and measurement of [ 3 H]thymidine incorporation was performed as described in ref. 11 . DNA Fragmentation Assay. BACE or ABAE cells were plated at a density of 3.5 ϫ 10 5 cells per 5-cm plate in 5 ml of 10% FCS͞DMEM. They were treated or not with increasing concentrations of a recombinant protein for 18 h, then harvested by trypsinization, washed with ice-cold PBS, and fixed for 3 h at 4°C with 80% ethanol in PBS. After centrifugation followed by a 15-min incubation at 37°C in PBS containing 50 g͞ml propidium iodide and 300 ng͞ml RNase (Boehringer Mannheim, Ingelheim, Germany), the cells were analyzed with a Coulter EPICS XL flow cytometer equipped with an argon laser emitting at 488 nm (Coulter, Hialeah, FL). Graphical and population analyses were performed with FlowJo 6.01 software (Treestar, San Carlos, CA).
Caspase-3 Assay. BACE or ABAE cells were plated at a density of 2 ϫ 10 4 cells per well (in 24-well plates) in 0.5 ml of 10% FCS͞DMEM. After 24 h, they were treated for 18 h with the specified protein at the indicated dose. Caspase-3 activity was measured with the CaspACE Assay System, Fluorimetric (Promega, Madison, WI) according to the manufacturer's instructions.
In Vitro Capillary Formation. A collagen gel assay for angiogenesis was performed as described (38) with some modifications. Briefly, 5 vol of rat tail collagen (4 mg͞ml; Serva, Heidelberg, Germany), 10ϫ M199 medium (1 vol), and 500 mM NaHCO3 (1 vol), PBS (4 vol) were mixed on ice. Two hundred microliters of this mixture was poured per well (of 24-well plates) and allowed to gel at 37°C for 2 h. BACE cells (200 cells per well) were plated, overlaid with a second gel layer, and incubated with 500 l of 10% FCS͞DMEM for 16 h with the specified recombinant protein. The cells were incubated with calcein-AM (2 M). Quantitative analysis of the network structure was performed by measuring tube lengths on a PC computer with Scion Image Software (Scion, Frederick, MD). Each sample was analyzed in triplicate, and a representative field of each well was examined at ϫ200 magnification. Pictures were made with an Olympus fluorescence microscope and camera linked to the Analysis software (Soft Imaging System GmbH, Münster, Germany).
In Vivo Early-Stage Chick CAM Bioassay. On day 3 of development, fertilized chick embryos were removed from their shells, placed in Petri dishes, and incubated at 37°C. On the 7th day, disks (5 mm) of methylcellulose (0.5%, Sigma) containing 40 g of recombinant protein and 4 g of BSA were placed on the chick CAM. After 48 h, white India ink was injected into the chorioallantoic sac, and the avascular area was determined with Analysis software (Soft Imaging System GmbH) and by phase analysis allowing automatic quantitative evaluation of the area. 
